An unusual Xanthobacter sp., capable of independent growth on cyclohexane as the sole source of carbon and energy, has been isolated from soil by using classical enrichment techniques. The mean generation time for growth on cyclohexane was 6 h. The microorganism showed a limited ability to utilize hydrocarbons, with only alicyclic hydrocarbons closely related to cyclohexane supporting growth. Ultrastructural studies indicated the presence of electron-transparent vesicles in the cyclohexane-grown Xanthobacter sp., but the presence of complex intracytoplasmic membranes could not be identified. A soluble inducible enzyme capable of oxidizing cyclohexane was identified in cell extracts. This enzyme had a pH optimum of 6.5, an absolute specificity for NADPH, and a stoichiometric requirement for molecular 02 which was consistent with the formation of cyclohexanol. The enzyme showed no activity towards straight chain alkanes and only a limited activity towards unsaturated ring compounds. Enzymatic studies with cell extracts have indicated the main route of metabolism of cyclohexane by this Xanthobacter sp. to proceed via cyclohexane -* cyclohexanol -* cyclohexanone -* 1-oxa-2-oxocycloheptane (r-caprolactone) -* 6-hydroxyhexanoate (6-hydroxycaproate) -* -* adipic acid.
The scarcity of reports concerning the microbial oxidation of cyclohexane by pure strains of the microorganisms gives some indication to the recalcitrant nature of this naturally abundant cycloalkane. Many workers have searched unsuccessfully for microorganisms capable of automonous growth on cyclohexane (2, 3, 10, 11, 18, 22, 23) , a finding which has led some to investigate the degradation of this compound through commensalism and cooxidation (2, 3, 10, 15) .
The growth of a microorganism upon cyclohexane was first reported by Imelik (14) , but only recently have there been two further accounts of growth upon this alicyclic hydrocarbon: a Nocardia sp. isolated by Stirling et al. (27) and a Pseudomonas sp. isolated in our own laboratory (1) . In each case, a route of oxidation for cyclohexane was identified that involved the oxidation of cyclohexane to cyclohexanol and the further metabolism of cyclohexanol to adipic acid by a route previously documented by Donoghue et al. (11) for the oxidation of cycloalkanols. However, neither Stirling et al. (27) nor Anderson et al. (1) investigated the possibility of a degradative pathway involving a double hydroxylation of the cycloalkane ring, even though respiration rates comparable to those of the growth substrate cyclohexane were obtained for the cyclohexandiols with washed cells.
To some extent, these studies were limited by the inability of Stirling et al. (27) to find cyclohexane hydroxylase activity in cell extracts and the lability of the cyclohexane hydroxylase activity found in the cell extracts of the cyclohexane-grown Pseudomonas sp. (1) .
Routes of metabolism for the degradation of cyclohexandiols such as trans-cyclohexan-1,2-diol have been reported by Yugari (29) and later by Davey and Trudgill (9) . The route proposed by Yugari (29) and later suggested by Murray et al. (20) is fundamentally different from that found by Davey and Trudgill (9) and those previously reported for the degrada-* Corresponding author. tion of cycloalkanols by Donoghue et al. (11) in that ring cleavage is achieved by hydrolysis of the carbon-carbon bond of cyclohexan-1,2-dione. For the degradation of cyclohexane, this route provides a feasible alternative to the formation of a lactone in the mechanism of ring cleavage.
In this report, we describe the isolation of an unusual Xanthobacter sp., which is capable of growth upon cyclohexane, as the sole source of carbon. Alternative pathways for the degradation of cyclohexane by this bacterium have been thoroughly investigated. Furthermore, we provide preliminary data on the properties of the initial cyclohexane hydroxylase enzyme. For growth studies upon other hydrocarbons, nonvolatile carbon sources were added directly to mineral salts medium (final concentration, 1.0 g liter-'). Volatile carbon sources were added directly to liquid medium (0.1 ml/100 ml) or mineral salts medium or were provided in the vapor phase by addition to the center wells of Erlenmeyer flasks. For growth on volatile substrates on solid medium, hydrocarbons were absorbed onto sterile filter papers placed inside the lids of petri dishes which were then sealed.
MATERIALS AND METHODS
Preparation of washed cell suspensions. The cell cultures were harvested in the late log phase of growth by centrifugation (10,000 x g for 10 min at 4°C), washed twice in 20 mM KH2PO4-Na2HPO4 buffer (pH 7.0), and then suspended in the same buffer (1.5 times the cell volume). Suspended cells were either used directly or stored at -20°C until required.
Preparation of cell extracts. Resuspended cell suspensions were disrupted by ultra-sonication (MSE Soniprep 150) for a total of 2 min (20-s bursts; 6 ,um peak-to-peak at 4°C). Cell debris was removed by centrifugation at 10,000 x g for 10 min at 4°C (10,000 x g supernatant). Soluble (10,000 x g supernatant) and membrane fractions were prepared by centrifugation of the 10,000 x g supernatant at 100,000 x g for 60 min at 4°C. Protein concentrations were determined by the biuret assay of Gornal et al. (12) Cyclohexanol dehydrogenase was assayed spectrophotometrically (Beckman Du-7) as previously described (11) ; the reaction mixture contained (in 1 ml) 20 1-Oxa-2-oxocycloheptane hydrolase activity was measured by the methods of Norris and Trudgill (21) . For the assay involving the measurement of residual lactone by alkaline hydroxamate formation, the reaction mixture contained (in 2 ml) 1 mmol of Tris-hydrochloride buffer (pH 8.0), 0.2 mg of protein, and 10 ,umol of 1-oxa-2-oxocycloheptane. For the assay with a pH stat, an unbuffered system (initial volume, 5 ml) containing 0.2 to 0.5 mg of protein and 10 p.mol of 1-oxa-2-oxocycloheptane was maintained at pH 8.0 by constant titration of 1 mM NaOH against the acidic reaction product.
6-Hydroxyhexanoate dehydrogenase activity was determined as described by Donoghue et al. (11) by measuring the reduction of NAD+ at 340 nm under anaerobic conditions. Reaction mixtures contained (in 1 ml) 20 ,umol of glycineNaOH buffer (pH 9.9), 0.5 to 1.0 mg of protein, 0.3 ,umol of NAD+, and 2 ,umol of 6-hydroxyhexanoate.
Estimation of enzyme pH optima. Enzyme pH optima were determined as described previously (1).
Identification and determination of reaction products.
Cyclohexanol, cyclohexan-1,2-diol, cyclohexan-1,3-diol, cyclohexan-1,4-diol, cyclohexanone, cyclohexan-1,2-dione, cyclohexan-1,3-dione, cyclohexan-1,4-dione, 2-hydroxycyclohexanone, 1-oxa-2-oxocycloheptane, 6-hydroxyhexanoate, and adipic acid were detected by gas-liquid chromatography (GLC) with a Perkin-Elmer F-33 gas chromatograph. For In all GLC analyses, peaks were integrated with a Spectra-Physics SP4270 integrator, and retention times were compared with authentic standards.
1-Oxa-2-oxocycloheptane was also measured by alkaline hydroxamate formation, acidification conversion to the ferric hydroxamate, and measurement of absorbance at 510 nm as described by Cain (6).
6-Hydroxyhexanoate and adipic acid were also identified by comparison with authentic standards by using thin-layer chromatography (TLC). Systems used were those described by Donoghue et al. (11) and Blundstone (5) .
Electron microscopy. Fermentor-grown Xanthobacter cells were prepared for electron microscopy as described by Stirling et al. (27) . Ultra-thin sections were cut with a Reichert 802 microtome and after post-staining examined in an AEI 802 transmission electron microscope.
Preparation of compounds. 6-Hydroxyhexanoate was prepared by alkaline hydrolysis of 1-oxa-2-oxocycloheptane as described by Norris and Trudgill (21) . The preparation of fresh solutions of cyclohexan-1,2-dione (monoenol form) or equilibrium mixtures containing the monohydrate and the monoenol form of cyclohexan-1,2-dione were carried out as described by Davey and Trudgill (9) .
Materials. Aristar and Analar cyclohexane were obtained from BDH (British Drug House), Poole, Dorset, England. (19, 28) in that cells showed irregularly shaped rods, some branched with typical swollen ends.
The growth of this organism required no complex growth factor as determined by the methods of Holding and Collee (13) . In common with Xanthobacter sp., this bacterium showed a limited ability to utilize both sugars and amino acids as sole carbon sources with only glutamate, fructose, maltose, and sucrose supporting growth. However, the bacterium was able to grow on the alcohols, methanol, ethanol, and propanol and a wide range of organic acids which included pyruvate, succinate, propionate, acetate, citrate, malonate, fumarate, lactate, and gluconate. Identification of this bacterium as a member of the genus Xanthobactei was confirmed by the NCIB.
Growth studies with this Xanthobacter sp. on a variety of hydrocarbons indicated that cyclopentane, cycloheptane, methylcyclohexane, ethylcyclohexane, cyclohexanone, and cyclohexan-1,2-diol also supported growth. Poor growth was recorded upon cyclohexene oxide, cyclohexanol, cyclohexan-1,3,diol, cyclohexan-1,4-diol, cyclohexan-1,2-dione, and cyclohexan-1,4-dione. No growth was found to occur when cyclooctane, cyclodecane, cyclohexene, 1-oxa-2-oxocycloheptane, 6-hydroxyhexanoate, adipic acid, 2-hydroxycyclohexanone, cyclohexan-1,3-dione, the aromatic hydrocarbons benzene and toluene, and n-alkanes (C6 to C16) were used as substrates.
With cyclohexane as the growth substrate, the adaption period (as measured by an increase in viable colony count after a transfer from succinate media) was 12 to 16 h. The mean generation time was determined as 6 h for cyclohexane and 7 h for succinate as the growth substrate.
Metabolite accumulation. An initial screen for potential pathway intermediates involved in cyclohexane metabolism was carried out by GLC analysis of extracts of growth media from cyclohexane-grown cells harvested in the late log phase of growth. Media analyzed in this way revealed the presence of both cyclohexanol and cyclohexanone in the concentration range from 0.05 to 0.1 F.M. No cyclohexan-1-2-diol, cyclohexan-1,3-diol, cyclohexan-1,4-diol, or 2-hydroxycyclohexanone was detected.
Metabolite oxidation. In contrast to the limited range of cycloalkane derivatives supporting growth of the Xanthobacter sp.. washed cells of the microorganism previously grown upon cyclohexane were capable of oxidizing a wide range of these compounds (Table 1) . Cyclohexanol, cyclohexanone, 1-oxa-2-oxocycloheptane, and the various cyclohexandiols were all oxidized at rates comparable to or greater than the growth substrate cyclohexane. No activity was detected for the n-alkanes C7. C1(, and C12. Washed cells previously grown upon succinate as the carbon source demonstrated a limited ability to oxidize cyclohexanone, 1-oxa-2-oxocycloheptane. and cyclohexan-1,2-diol; these oxidation rates were relatively small when compared with those obtained for the cyclohexane-grown cells.
Enzyme activities in cell extracts of the cyclohexane-grown
Xanthobactersp. TFhe incubation of crude cell extracts (10,000
x g supernatant) with NADPH and cyclohexane demonstrated a cyclohexane-dependent stimulation in 02 consumption with a pH optimum of 6.5 ( (Table   4) .
Cyclohexanol dehydrogenase. Cell extracts (100,000 x g supernatant) catalyzed the reduction of NAD+ in the presence of cyclohexanol, (-is,trainKs-cyclohexan-1,2-diol, c isjt,rans-cyclohexan-1,3-diol, or is Strans-cyclohexan-1,4-diol (Table 2) . No activity was observed with either 2-hydroxycyclohexanone or cyclohexan-1,2-dione (equilibrium mixture) when the reaction was monitored in the reverse direction with NADH as a cofactor. Cyclohexanol dehydrogenase activity displayed a pH optimum of 10.1 to 10.5. When assayed at pH 10.3 under anaerobic conditions, the increase in absorbance at 340 nm was found to be linear. The substitution of NADP+ for NAD+ gave rise to a small but detectable activity (Table 2 ). The ability of cyclohexanol dehydrogenase to utilize NADP+ as a cofactor therefore confirms our previous finding that the product from the incubation of 100,000 x g supernatant with cyclohexane and NADPH could be further metabolized.
The measurement of reaction stoichiometry for the oxidation of various cycloalkanols indicated the reduction of ca. 1 mol of NAD+ per mol of substrate when cyclohexanol or the c-is-tr-atns mixture of cyclohexan-1,2-diol was used as a substrate. For the cis-trans mixtures of cyclohexan-1,3-diol and cyclohexan-1,4-diol. a reaction stoichiometry of ca. 2 mol of NAD' reduced per mole of substrate oxidized was calculated, indicating the likely products of these reactions to be cyclohexan-1,3-dione and cyclohexan-1,4-dione, respectively.
The ability of the cyclohexanol dehydrogenase to oxidize riot only cyclohexanol but also the cyclohexandiols led us to determine the relative affinities of the enzyme for these substrates by calculation of their respective apparent K,M values ( Table 5) . Comparison of the data indicated an apparent K,., for cyclohexanol 2 orders of magnitude lower than for each of the cyclohexandiols. These results therefore suggest that the preferred substrate for the dehydrogenase is cyclohexanol. Incubation of the 100,000 x g supernatant (1 mg of protein) with NAD+ (5 pLmol) and cyclohexanol (5 plmol) under aerobic conditions, followed by extraction and identification of the reaction product by GLC, indicated the product of this reaction to be cyclohexanone.
Ring cyclohexan-1,2-dione hydratase. When 10,000 x supernatant from cyclohexane-grown cells was assayed for its ability to catalyze a decrease in the absorbance of cyclohexan-1,2-dione (monoenol) at 262 nm (9) . no change in absorbance above that of endogenous rates occurred which would be indicative of cyclohexan-1,2-hydratase. Furthermore, incubation of 10,000 x g supernatant with either cyclohexan-1,2-dione or 2-hydroxycyclohexanone in a pH stat at pH 7.0 or 8.0 failed to demonstrate the formation of any acidic products. These results, therefore, provide no evidence for the presence of a cyclohexan-1,2-dione hydratase in crude cell extracts of the XanIthohbater sp. Cyclohexanone monooxygenase. When the 100,000 x supernatant was incubated with NADPH, a cyclohexanone- stimulated consumption of 02 occurred. No activity could be detected when NADPH was replaced by NADH. The pH optimum for this reaction was found to be 8.5 to 9.0 (Table  2) . When assayed at this pH. the back reaction to cyclohexanol catalyzed by cyclohexanol dehydrogenase was found to be negligible. A further study of the substrate specificity of this enzyme indicated that it was also capable of oxidizing cyclohexan-1,2-dione (equilibrium mixture), cyclohexan-1,4-dione, and 2-hydroxycyclohexanone. No activity was recorded for cyclohexan-1,3-dione. When the reaction stoichiometry for these various substrates was measured in the oxygen electrode, ca. 1 mol of 02 was consumed for each mole of cyclohexanone, cyclohexan-1,4-dione, or 2-hydroxycyclohexanone oxidized. The oxidation of ca. 1 mol of cyclohexanone was also accompanied by the consumption of 1 mol of NADPH, which indicated the enzyme to be For cyclohexanol dehydrogenase activity, reaction mixtures contained (in 1 ml) 20 ,umol of glycine-NaOH buffer (pH 10.3). 100.000 x g supernatant (0.05 to 1.0 mg of protein), and 0.2 ,umol of NAD-. Reactions (at 30°C) were started by the addition of the cycloalkanol. aind the initial reaction velocity was determined by following the increase in absorbance at 340 nm. For cyclohexanone monooxygenase activity determination, reaction mixtures contained (in 1 ml) 200 ,umol glycine-NaOH buffer (pH 8.8), 100.000 x g supernatant (0.06 to 1.0 mg of protein), and 0.3 ,umol of NADPH. Reactions (at 30°C) were started by the addition of the cycloalkanone. and the initial velocity was measured by following the decrease in absorbance at 340 nm.
" The Michaelis constant for the various substituted cycloalkanes was calculated as described in the procedure of Lineweaver-Burk. a typical monooxygenase. Measurement of the apparent K,,, values of this enzyme for the cycloalkanones strongly suggested that cyclohexanone was the preferred substrate (Table 5).
When 100,000 x g supernatant (1 mg of protein) was incubated with 5 p.mol of NADPH and 4 ,umol of cyclohexanone, extraction and analysis of the reaction product by TLC and GLC indicated it to be 6-hydroxyhexanoate.
l-Oxa-2-oxocycloheptane hydrolase (E-caprolactane hydrolase). The presence of an active 1-oxa-2-oxocycloheptane hydrolase in 100,000 x g supernatant, which would preclude any possibility of accumulating 1-oxa-2-oxocycloheptane (the reaction product of cyclohexanone monooxygenase) was demonstrated by incubation of 100,000 x g supernatant with 1-oxa-2-oxocycloheptane. The measurement of enzyme activity indicated a specific activity 10-fold greater than that measured for cyclohexanone monooxygenase (Table 2 ). An investigation of the stoichiometry by the titration method revealed equimolar consumption of NaOH for a range of concentrations (25 to 100 p.mol) of 1-oxa-2-oxocycloheptane added to the reaction mixture. The expected product of the reaction, 6-hydroxyhexanoate, was identified by TLC and GLC after an extraction of incubation mixture containing 100 ,umol of 1-oxa-2-oxocycloheptane and 100,000 x g supernatant (1 mg of protein), which was followed to completion by titration with 10 mM NaOH.
6-Hydroxyhexanoate dehydrogenase. The 100,000 x g supernatant from cyclohexane-grown cells catalyzed the reduction of NAD' in the presence of 6-hydroxyhexanoate. The reaction, which was measured anaerobically, was found to be nonstoichiometric and had a pH optimum of 9.5 to 10.0. NAD+ could not be substituted by NADP', nor did further addition of NADP+ to an incubation mixture previously incubated with NAD' cause any increase in absorbance at 340 nm. When an incubation mixture containing 10 p.mol of 6-hydroxyhexanoate, 10 p.mol of NAD+, and 100,000 x g supernatant (5 mg of protein) was incubated under anaerobic conditions, the product of the reaction cochromatographed with adipic acid when analyzed by TLC.
Induction of the enzymes catalyzing cyclohexane oxidation.
A comparison of the activities of the enzymes responsible for cyclohexane metabolism in the crude cell extracts of the Xanitlhobacter sp. grown upon either cyclohexane or succinate is given in Table 2 . These results clearly demonstrate that the enzymes of cyclohexane degradation are inducible. Ultrastructural studies on the Xanthobacter sp. Ultrastructural studies of the Xa,ithobacter cells were made after their growth on cyclohexane and succinate. Transmission electron micrographs (data not shown) of sections of cyclohexane-grown cells showed no evidence of any complex intracytoplasmic membrane system, although the cells showed large electron-transparent inclusions, usually one or two per cell. These electron-transparent inclusions had well-defined limits and may be typical of those found in other hydrocarbon-growing bacteria in which they have been reported to contain unmodified hydrocarbon growth substrate (25) . However, although fewer in number, electrontransparent inclusions were also found in electron micrographs of sections from succinate-grown cells in which they are likely to be representative of storage material such as poly-3-hydroxybutyrate (28) . DISCUSSION Xanthobacter is a genus of nitrogen-fixing hydrogen bacteria of which only two species have so far been well defined (19, 28) . The isolation of a Xanthobacter sp. which is capable of growth on cyclohexane is therefore both novel and unusual, considering the relatively few microorganisms which have so far been reported to have the metabolic capacity to grow upon this hydrocarbon.
Our studies with cell extracts of this organism are consistent with a main route for cyclohexane degradation via cyclohexane --cyclohexanol --cyclohexanone -* 1-oxa-2-oxocycloheptane -* 6-hydroxyhexanoate ---* adipic acid (Fig. 1) . However, the ability of the Xantlhobacter sp. to grow on cyclohexan-1,2-diol. cyclohexan-1,3-diol, and cyclohexan-1,4-diol, together with the rapid oxidation observed for these cyclohexandiols by washed cyclohexane-grown cells, leaves open the possibility that, in some instances, oxidation of cyclohexane may occur via minor routes involving double hydroxylation of the ring. This rapid oxidation of cyclohexandiols was also observed in washed cells of a cyclohexane-grown Nocardia sp. (27) and in a cyclohexanegrown Pseludoinonas sp. (9) . However, our inability to find a 2-hydroxy-cyclohexanone dehydrogenase, or a cyclohexan-1,2-dione hydratase in the crude cell extracts of cyclohexanegrown cells seems to rule out a pathway of cyclohexane metabolism involving ring cleavage through the hydrolysis of the carbon-carbon bond as suggested by Yugari (29) and later by Murray et al. (20) . Our studies with cyclohexanegrown Xanthobacter sp. suggests that if cyclohexan-1,2-diol is an intermediate in cyclohexane metabolism, then ring cleavage would proceed via the formation of an unstable lactone (9; Fig. 1 (c) cyclohexanone, (d) 1-oxa-2-oxocycloheptane (E-caprolactone), (e) 6-oxohexanoate, (f) 6-hydroxyhexanoate, (g) adipate, (h) cyclohexan-1,2-diol, (i) 2-hydroxycyclohexan-1-one, (j) 1-oxa-2-oxo-7-hydroxycycloheptane, (k) cyclohexan-1,4-diol, (1) cyclohexan-1,3-diol, (m) cyclohexan-1,4-dione, and (n) cyclohexan-i,3-dione. cyclohexandiols in the growth medium of the cyclohexanegrown Xanthobacter sp., our inability to detect other products apart from 6-hydroxyhexanoate in the extracts from incubations containing cyclohexane, NADPH, and cell extracts, and the stoichiometric relationships between cyclohexane and oxygen in the formation of 6-hydroxyhexanoate indicated that, for this Xanthobacter sp., oxidation of cyclohexane through cyclohexandiol intermediates is unlikely to represent a major route of degradation.
Our findings with this new species of Xanthobacter are therefore consistent with previous reports (1, 27) and confirm that the major route of cyclohexane dissimilation proceeds via a pathway involving two monooxygenase reactions, one catalyzing the formation of cyclohexanol and the other carrying out a biological Baeyer-Villiger reaction to form 1-oxa-2-oxocycloheptane.
An interesting aspect of this work is the finding of a soluble, active cyclohexane hydroxylase. This NADPH-dependent enzyme is much more stable than the enzyme isolated from a cyclohexane-grown Pseudomonas sp. (1) which lost all of its activity over a 24-h period when stored at 40C.
Compared with the rate of oxidation of cyclohexane by whole cells, the specific activity of cyclohexane hydroxylase APPL. EN'VIRON. MICROBIOL. in 100,000 x g supernatants is relatively low; however, this is not unusual for this type of enzyme. The loss of enzymatic activity of cyclohexane hydroxylase after its passage through either an ion-exchange or gel filtration column suggests that it may share similar characteristics with the soluble methane and 5-exo-camphor hydroxylase enzymes (7, 16) in being a dissociable multicomponent system. Investigations to confirm this are presently under way.
Unlike the methane hydroxyjases (8) , cyclohexane hydroxylase appears to have a restricted substrate range and shows no activity towards straight chain n-alkanes and only a limited activity towards unsaturated ring compounds.
Interestingly, the complex intracytoplasmic membranes present in the cyclohexane-growing Nocardia sp. (27) and other hydrocarbon-utilizing microorganisms (4, 17, 24) were not found in the cyclohexane-grown Xanthobacter sp. Since these intracellular membrane structures may be associated with membrane-bound hydroxylase activity, our results are therefore in keeping with the soluble nature of the cyclohexane hydroxylase found in this Xanthobacter sp. Whether cyclohexane hydroxylase activity becomes membrane associated, resulting in the concomitant appearance of intracytoplasmic membranes in the Xanthobacter sp. when grown under limiting oxygen conditions as reported for the methane monooxygenase from Methylosinus trichosporium (26) , poses an interesting question.
